Newborns with a genetic deficiency of purine nucleoside phosphorylase (PNP) are normal, but exhibit a specific T-cell immunodeficiency during the first years of development. All other cell and organ systems remain functional. The biological significance of human PNP is degradation of deoxyguanosine, and apoptosis of T-cells occurs as a consequence of the accumulation of deoxyguanosine in the circulation, and dGTP in the cells. Control of T-cell proliferation is desirable in T-cell cancers, autoimmune diseases, and tissue transplant rejection. The search for powerful inhibitors of PNP as anti-T-cell agents has culminated in the immucillins. These inhibitors have been developed from knowledge of the transition state structure for the reactions catalyzed by PNP, and inhibit with picomolar dissociation constants. Immucillin-H (Imm-H) causes deoxyguanosine-dependent apoptosis of rapidly dividing human T-cells, but not other cell types. Human T-cell leukemia cells, and stimulated normal T-cells are both highly sensitive to the combination of Imm-H to block PNP and deoxyguanosine. Deoxyguanosine is the cytotoxin, and Imm-H alone has low toxicity. Single doses of Imm-H to mice cause accumulation of deoxyguanosine in the blood, and its administration prolongs the life of immunodeficient mice in a human T-cell tissue xenograft model. Immucillins are capable of providing complete control of in vivo PNP levels and hold promise for treatment of proliferative T-cell disorders. D
Introduction
Purine nucleoside phosphorylase (PNP) catalyzes the reversible reactions [1] :
Prepared by her earlier discovery of severe combined immunodeficiency in adenosine deaminase deficiency, Eloise
Giblett discovered that infants with a rare T-cell immunodeficiency lacked PNP [2] . Subsequent studies indicated that T-cell deficiency resulted from altered pathways of purine metabolism. Deoxyguanosine accumulates in the blood as a result of PNP deficiency, and is transported and phosphorylated by T-cell deoxynucleoside kinases to form pathologically elevated levels of dGTP specifically in these cells [3 -6] . Inhibition of PNP was soon identified as a target for the regulation of undesirable T-cell proliferation, a campaign was launched for the discovery of powerful inhibitors [7] . Thirty-three patents for PNP inhibitors were listed by 1998, but clinical trials with the best of these inhibitors failed to show adequate inhibition to cause regulation of activated T-cells [8] . Type IV autoimmune disorders are a primary disease target for PNP inhibitors, and are caused by inappropriate activation of T-cells by selfantigens [9] . These disorders include rheumatoid arthritis, psoriasis, inflammatory bowel disorders and multiple sclerosis. In addition, T-cell leukemias and lymphomas would be primary proliferative targets for PNP inhibitors. Inhibitor design for patented PNP inhibitors have used structure -activity relationships and structure-based design, in which the catalytic site of PNP containing substrate or product analogues or weak inhibitors was sequentially filled with newly designed analogues followed by subsequent structural and kinetic characterization and refinement of catalytic site contacts [10, 11] . The most powerful inhibitors obtained by these methods are in the low nanomolar range for inhibitory dissociation constants [8] .
During this period, methods were also being developed for the experimental analysis of enzymatic transition states by kinetic isotope effect analysis [12 -15] . Analogues that resemble enzymatic transition states capture the enzymatic forces used for catalysis and convert catalytic energy into binding energy, resulting in powerful inhibition [15 -17] . The inversion of configuration at the anomeric carbon of PNP substrates suggested a nucleophilic displacement reaction, but compounds synthesized to resemble such transition states bound no better than substrates. The possibility of transition state inhibitor design for PNP became a reality in 1995, when the transition state structure was resolved from studies of the chemical mechanism and kinetic isotope effects [18 -20] . This review provides a summary of the biology, enzymology and chemistry that led to the development of the immucillins, PNP inhibitors of sufficient specificity and affinity to cause deoxguanosine accumulation in mammals.
PNP in human nucleotide metabolism
The (deoxy)nucleoside substrates of PNP are normally absent from the blood as a result of robust PNP catalytic activity in the intestine, liver, erythrocytes, lymphocytes, spleen and kidney [21, 22] . The activity of PNP in the blood alone causes injected nucleoside substrates to undergo phosphorolysis with a half-life of a few seconds. However, PNP substrates accumulate in the blood and urine of PNP-deficient patients, replacing uric acid, which is dramatically reduced in both blood and urine (summarized in Ref. [23] ). This experiment of nature confirms that the pathway of purine nucleoside degradation requires PNP, and without it, nucleosides accumulate, purine bases for salvage pathways and degradation are depleted, and the rate of de novo purine synthesis increases [22] . Overproduction of purines is not accompanied by purine precipitation disorders in PNP deficiency since the (deoxy)nucleosides are more soluble than uric acid. Blood levels of these metabolites are significant and the primary purine excretion products are urinary nucleosides. In addition, (deoxy)nucleoside salvage increases because of excess substrate availability. Dividing T-cells express an active deoxycytidine kinase, whose normal role is the salvage of deoxycytidine to form dCMP ! ! dCTP for DNA synthesis in activated T-cells [24] . When deoxyguanosine accumulates beyond normal levels, deoxycytidine kinase accepts deoxguanosine to form dGMP ! ! dGTP. The allosteric inhibition site for dGTP on ribonucleotide diphosphate reductate inhibits cellular formation of dCDP and dUDP [25] , thereby preventing DNA synthesis (Fig. 1 ).
Factors that have been proposed to make the disorder specific for T-cells include high capacity for deoxynucleoside transport, high expression levels of deoxycytidine kinase, and low levels of phosphatases for dGMP. The normal response to antigenic T-cell stimulation requires clonal expansion from a few cells with the appropriate receptors to the T-cell mass required for an activated T-cell response. This response requires rapid T-cell proliferation involving relatively large quantities of DNA synthesis. Activation of T-cells under conditions of unbalanced dNTPs induces apoptosis, and instead of T-cell proliferation, depletion of T-cells occurs [26] . T-cell populations are exquisitely poised for apoptotic responses, since f 99% of developing thymocytes do not receive an antigenic stimulatory response and undergo apoptosis under conditions of normal development [27] .
Knowledge of human purine metabolism is required to understand PNP deficiency since the metabolism of deoxyguanosine differs between humans and mice. Mice made genetically deficient in PNP do not undergo T-cell depletion, and some of the cellular changes observed in the mice are attributed to the action of a mitochondrial deoxyguanosine kinase [28 -30] . A useful outcome of this finding is that xenografts of human T-cells into mice allow analysis of the effects of PNP inhibitors with only modest effects on the host T-cell profile [31, 32] .
Catalytic properties of PNP
Mammalian PNPs catalyze the phosphorolysis of the natural 6-oxypurine (deoxy)nucleosides and are inactive against (deoxy)adenosine or the pyrimidine (deoxy)nucleosides [33] . The catalytic efficiency is high for the deoxy- guanosine nucleoside that characterizes its biological function [1] . The homotrimer exhibits Michaelis-Menten initial rate kinetics and has no known physiologic regulatory sites. PNP is present at micromolar concentrations in blood cells and is coupled to a substrate trapping phenomenon known as catalytic commitment [14, 19] . Every collision of a substrate (deoxy)nucleoside with the catalytic site leads to its trapping and conversion to product. With the high concentrations of enzyme, catalytic commitment, and low K m value, cells containing high concentrations of PNP are assured of the virtual absence of free deoxyguanosine. Mitochondrial deoxyguanosine metabolism is exempt from this degree of deoxyguanosine removal since PNP is absent and a deoxyguanosine kinase is present [34] . Repair and recycling of mitochondrial DNA generates deoxguanosine that is proposed to remain in this compartment.
Under nonphysiological conditions, in the absence of phosphate, PNP catalyzes a slow hydrolysis of inosine in which the first catalytic site releases ribose, but binds tightly (1 pM) to the hypoxanthine product [18] . The enzyme stalls in a complex with hypoxanthine bound at one of the three catalytic sites, demonstrating sequential catalytic site action now made familiar from the action of F 1 F 0 ATPase [35] . The relevance of sequential site catalytic action for cancer therapy is the prediction that inhibition of any single subunit of the PNP homotrimer will lead to full inactivation of catalytic activity. Immucillin-H (Imm-H) has been shown to act by this mechanism and one-third-the-sites inhibition is discussed in more detail in Section 5.
Transition state analysis and PNP
Chemical transition states occur within the lifetime of a single bond vibration, approximately 10 À 13 s, and direct observations have only been successful in gas-phase studies by laser spectroscopy [36] . Enzymatic transition states have similar lifetimes and can be established from intrinsic kinetic isotope effects by the experimental steps: (1) synthesis of substrates with specific atomic labels surrounding the bonds being made and broken in the transition state; (2) establish chemical or kinetic conditions where the catalytic step (transition state formation) is the first irreversible step in the catalytic cycle, or where intrinsic isotope effects can be obtained; (3) measure a family of kinetic isotope effects for the atoms whose bonding patterns are perturbed at the transition state; and (4) use bond vibrational analysis coupled to quantum chemistry predictions to match the kinetic isotope effects to the transition state structure. Geometric and electrostatic properties of the transition state can be used as an atomic blueprint to design stable analogues. Chemical synthesis of the transition state analogues provides the desired inhibitors for enzymatic and biological testing against the target. The experimental implementation of these steps has been outlined in reviews [14,37 -39] , and will be exemplified here with the example of PNP.
PNP demonstrated no kinetic isotope effects with inosine and phosphate as substrates, because of catalytic commitment, and bound products reforming substrates on the enzyme prior to product release [19] . Intrinsic isotope effects were established using the hydrolytic reaction, where catalysis is slow and no back-reaction occurs, and also with arsenate (AsO 4 ) as a phosphate analogue [20] . Arsenate reacts to form a-D-ribose 1-arsenate, an unstable intermediate that hydrolyzes rapidly and prevents the products of the reaction from reforming as substrates prior to release from the enzyme. The intrinsic isotope effects were used to establish the transition state features of 0.38 Pauling bond order to the hypoxanthine leaving group, protonation or hydrogen-bond stabilization to N7 of the purine, van der Waals contact to the attacking phosphate nucleophile, and conversion of the ribosyl group to a partially charged ribooxacarbenium ion [20] . The results established that the chemical property of the transition state is dissociative, rather than the associative property expected for a symmetric nucleophilic displacement (Fig. 2) . The results provided the first sufficiently complete structure of the transition state to permit the design of transition state inhibitors. These features were also consistent with the transition states established for other purine N-ribohydrolases [40, 41] , and with an earlier isotope effect measured for the PNP from Escherichia coli [42].
Imm-H design and synthesis
The features of the transition state structure for PNP were used to design a chemically stable isologue (same molecular shape and volume) to act as transition state analogue inhibitor (Fig. 2) . Inosine was the substrate for transition state analysis, and the transition state inhibitor was designed to mimic this transition state. The ribosyl group at the transition state is a partially positively charged ribooxacarbenium ion, and was mimicked in Imm-H with an iminoribitol structure. In Imm-H, the imino group 1 is protonated with a pK a of 6.5, providing a partial positive charge at physiological pH values. The bond to the leaving group purine is more than 60% dissociated at the transition state, causing the pK a at N7 of the purine to increase. Immucillins were designed with a carbon -carbon ribosidic link to provide chemical stability relative to the carbon -nitrogen link in normal substrates. This carbonribosidic bond also changes the bond conjugation pattern of the inhibitor, increasing the pK a of N7 from f 2 in inosine to f 9 in Imm-H. The pK a of this group at the transition state has not been measured, but is elevated toward 7 or above as the ribosidic bond is broken. Nitrogen-7 is proposed to be a site of protonation or hydrogen bonding by the enzyme to form the transition state, since the bonding electrons must be accommodated in the leaving group and protonation at N7 or a favorable H-bond at this site assists in electron departure from the N-ribosidic bond. The elevated pK a at this site constitutes one of the transition state features. The ability of N7-methyl substituted inosine and guanosine molecules to act as substrates of PNP [43] indicates that the Asn243 that Hbonds to this site is sufficiently flexible to accommodate an N7-methyl substituent. The methyl group provides a similar Fig. 3 . Molecular electrostatic potential surfaces for inosine, the transition state of PNP and Imm-H. The geometry around the 5V-hydroxymethyl group and the ribosidic-base torsion angles were fixed at the values established from the X-ray crystallographic studies. In the transition state, N7 was protonated and the N9 -C1Vbond was fixed at 1.8 Å . The electron distribution was calculated using Gaussian 98 with the STO-3G basis set. electronic effect in assisting the purine to accept bonding electrons.
The atomic replacements between inosine and Imm-H make an insignificant change in atomic size, but a dramatic change in the molecular electrostatic potential surface 2 ( Fig. 3) [44] . Analysis of the molecular electrostatic potential surface similarity between transition state and transition state inhibitors for several enzymes have established that this and the atomic size correlate with the affinity between enzyme and inhibitor [45, 46] . A departure from other inhibitor design programs was to eliminate features of the phosphate anion. Transition state analysis revealed that phosphate is not bonded at the transition state, but is in van der Waals contact, with less than 2% covalent bond order [20] . This finding established that the nucleoside contacts dominate transition state interactions, and that the phosphate binding site will fill with inorganic phosphate, an abundant component of cells.
Chemical synthesis of Imm-H was first accomplished in a linear sequence of over 20 steps, beginning with D-gulonolactone, and based on the precedents of aryl and alkyl 1-substituted iminoribitols [47, 48] and for synthesis of 9-deazapurine nucleosides [49] (Fig. 4) . This synthetic procedure builds the protected iminoribitol from D-gulonolactone, followed by the stepwise addition of the components of the 9-deazahypoxanthine and deprotection. The chemical stability of the compound is revealed in the final deprotection step, reflux in concentrated HCl. Although this route provided the first access to Imm-H and Imm-G (the 9-deazaguanine analogue), it was not suitable for largescale synthesis. An improved synthetic route produced activated and protected iminoribitol and 9-deazahypoxanthine in separate procedures, followed by reaction of the two halves of the molecule [50] (Fig. 4) .
Inhibition of PNPs by Imm-H
Imm-H and Imm-G inhibited both bovine and human PNP, and exhibited the characteristics of slow-onset tight- 2 The molecular electrostatic potential surface is the force observed by a point charge at every location on the van der Waals surface of the molecule [44] . binding inhibitors [51] . Slow-onset inhibitors bind as reversible competitive ligands, followed by an isomerization of the enzyme that causes increased inhibitor binding affinity [52] . The initial binding phase for the bovine enzyme exhibits a K i of 41 nM, followed by a time-dependent, slow onset (k 5 = 0.06 s À 1 ) increase of affinity by a factor of 2000, to give a K i * of 23 pM (Fig. 5) . For the human enzyme, the initial binding phase is rapid, and the K i * value is 72 pM ( Table 1 ). The affinity of Imm-H is approximately one million times that for the inosine substrate. The size and molecular electrostatic potential properties of the inhibitor are similar to the transition state [51] . Binding affinity is dictated by on and off rates, in the case of tight-binding inhibitors, that for k 5 and k 6 , the conformational changes that provide entry and departure from the tightly bound transition state analogue complex (Fig. 5) . Release of Imm- Fig. 5 . The kinetics of PNP inhibition by Imm-G and Imm-H. E, A, P and I represent PNP, inosine, products and Imm-H or Imm-G, respectively. The rate constants k 5 and k 6 are the rate constants for formation of E * ÁI and its conversion to EÁI. EÁI is the rapidly reversible, weakly bound inhibitor and E * ÁI represents a conformational change that accompanies tight-binding of the inhibitor. The center panel demonstrates the slow-onset of inhibition, and the bottom panel demonstrates the post-slow onset rate (v s ) as a function of inhibitor concentration using inosine at a concentration of 200 times its K m value. The reactions were coupled to xanthine oxidase to yield uric acid as product. Adapted from reference [51] .
H from the bovine enzyme has a t 1/2 of 5 h, compared to that from the human enzyme of 8 min. Inhibition was correlated with moles of Imm-H bound per trimeric enzyme, and the results established that binding of one Imm-H molecule per trimer, with the affinity described above, is responsible for the inhibition [51] . These inhibitory and binding studies established that Imm-H was the most powerful PNP inhibitor yet described. It acts by complete inhibition of PNP catalytic activity by filling only one of the three catalytic sites of the trimer of PNP [51] . This result was unexpected based on earlier kinetic studies and the previous X-ray crystal structures of PNP, all of which indicated equivalent, noninteracting sites in a symmetric trimer with identical subunit occupancy with substrate and inhibitor analogues [53] . Binding studies of Imm-H to bovine PNP indicated that filling of the first subunit is responsible for the inhibition, and occurs with the highest affinity, followed by saturation of the second and third sites with affinity orders of magnitude lower than the first subunit [54] . However, at large Imm-H excess, all three sites can be occupied. The impact of the partial-sites inhibition for cancer therapy is that physiological inhibition of PNP activity can be achieved with only one molecule of inhibitor bound for every three PNP subunits.
Although other applications of PNP inhibitors are beyond the scope of this review, Imm-H is also a powerful inhibitor of PNP from M. tuberculosis and P. falciparum [55, 56] (Table 1 ). The crystal structure of M. tuberculosis has been solved with Imm-H and phosphate binding, revealing that this enzyme is similar to the mammalism enzyme [57] . In contrast, the PNP from P. falciparum is more closely related to the hexameric E. coli PNP, and has a lower affinity for Imm-H. Despite the lowered affinity, the addition of Imm-H to cultures of human erythrocytes infected with P. falciparum causes purine-less death of the parasites under physiological culture conditions [58] .
Structure of PNPÁImm-HÁPO 4
Crystals of bovine PNP with Imm-H and phosphate at the catalytic sites were grown in the presence of large excesses of phosphate and of Imm-H to saturate the catalytic sites [59] . The crystals, demonstrated uniform catalytic site filling at all three sites, and permitted the collection of the highest resolution data (1.5 Å ) obtained for a complex of the bovine enzyme. The structure was compared to structures of bovine PNP solved earlier [53] , to reveal the structural changes as the enzyme progresses from the Michaelis complex to the transition state and product complexes. Imm-H is situated in the catalytic sites similar to the position of inosine, except that contacts to the enzyme are closer to most parts of the complex (Fig. 6) . Comparison of substrate, Imm-H and product complexes to the actual transition state structure docked into the catalytic site permitted analysis of the atomic motion that occurs as substrates are converted to products, and the analysis of the similarity between Imm-H and the docked transition state.
One surprising result is that the reaction occurs by unprecedented atomic motion in the reaction coordinate. These steps include; (a) enzymatic immobilization of the purine ring and phosphate, (b) generation of the ribooxacarbenium ion transition state with the participation of neighboring group oxygens from phosphate and the 5V-hydroxyl to stabilize the ribooxacarbenium ion and (c) migration of the C1V anomeric carbon over the relatively long distance of 1.7 Å between the enzymatically stabilized nucleophiles, while the 5V-region of the ribosyl group remains immobile. This mechanism is a departure from solution chemistry, and also occurs in other ribosyltransferases. This mechanism has been called a nucleophilic displacement by electrophilic migration, and reflects the ability of enzymes to accomplish atomic motion of reactive groups in the protected environment of the catalytic site, (exemplified here by the ribooxacarbenium ion) [59, 60] . A second important lesson of the study was that the transition state analogue and the actual transition state occupy the same positions, except for the 0.4 Å difference in structures resulting from the C-C covalent bond in the transition state analogue [59] . A third surprise from the structure with Imm-H involves the nature of the enzymatic activation of the leaving group purine and the formation of the ribooxacarbenium ion. Enzyme-immobilized water oxygens form a proton transfer bridge to solvent and provide the protons required for a H-bond and a protonation of the leaving group hypoxanthine. Activation of the leaving group occurs by; (a) a hydrogen bond to N7 shared to the side-chain carbonyl oxygen of Asn243, where the H-bonded proton is provided by the water bridge, and (b) protonation of O6 by an immobilized water that is sandwiched between O6 and Glu201. Near-optimal contacts at every H-bond donor/ acceptor pair on Imm-H and phosphate at the catalytic site indicated that improvement on the binding affinity by changing the structure of the immucillins might be difficult.
Effect of Imm-H on transformed and activated T-cells
Human T-cell immunodeficiency from PNP loss is completely dependent on the presence of deoxyguanosine and its conversion to dGTP [31, 32] . Cultures of human T-cell leukemia lines were tested for growth in the presence of Imm-H with and without deoxyguanosine (Fig. 7) . The selective inhibition of T-cells, only in the presence of deoxyguanosine, established that Imm-H is biologically available, and is dependent on deoxyguanosine. Analysis of treated cells established that Imm-H with deoxyguanosine caused the accumulation of dGTP [31] . Under conditions of 20 AM deoxyguanosine in the medium, the IC 50 for Imm-H was 0.4 to 5 nM for reduction of thymidine incorporation in cells cultured for 3 days (Fig. 7) . The toxicity of Imm-H and deoxyguanosine is rescued by deoxycytidine, a metabolite known to prevent dGTP accumulation by substrate competition for deoxycytidine kinase and by dCMP product inhibition of the enzyme [61] (Fig. 7C) . Seventeen non-T-cell lines were unaffected by Imm-H at 10 AM, several thousand-fold above the effective dose for human leukemic T-cells [31] . Tcells isolated from normal human volunteers are not affected by Imm-H unless they are stimulated to divide, and show increasing sensitivity with increased stimulation [31, 32] (Fig.  8) . Peripheral human T-cells stimulated to rapid division by excess interleukin-2 (IL-2) and mononuclear cells were inhibited by Imm-H and deoxguanosine with an IC 50 value of 5 nM. The results demonstrate that inhibition of PNP by Fig. 6 . The structures of bovine PNP with substrate analogues (inosine + SO 4 ), transition-state complex (Imm-H + PO 4 ) and products (hypoxanthine + ribose 1-PO 4 ) bound at the catalytic sites. Substrate and product complexes are from Ref. [53] , and this figure is reproduced from Ref. [59] . Hydrogen bond distances are shown in angstroms. Red indicates bonds that shorten significantly and blue indicates bonds that lengthen significantly in the conversion of (a) to (b), and of (b) to (c).
Imm-H is sufficient to cause dGTP accumulation and to induce apoptosis specifically in rapidly dividing T-cells.
Imm-H in mice and effects on T-cell xenografts
Bioavailability of Imm-H was tested in mice by a comparison of oral and injected doses, and established that oral availability is high, at 63% of the injected dose [32] . A key test of the biological effectiveness of the inhibitor is the ability to increase the concentration of deoxyguanosine in blood. Both humans and mice have high concentrations of PNP in erythrocytes; therefore, deoxyguanosine is not present at detectable levels in the blood. A single oral dose of 10 mg/kg Imm-H to mice increased the plasma concen- tration of deoxyguanosine to a peak concentration of 5 AM over a period of 3 h, establishing in vivo efficacy for whole-body PNP inhibition in the mouse [32] . Elevated deoxyguanosine also occurs in the human genetic deficiency of PNP, and plasma levels are reported to be in the range of 3 to 17 AM [23] . Thus, a single oral dose of Imm-H to mice can achieve a deoxyguanosine concentration that is adequate to cause T-cell deficiency in humans. These experiments were a prelude to the use of a mouse model of human immune transplantation rejection that has been developed and extended to SCID mice [62, 63] . In this protocol, human peripheral blood lymphocytes (PBLs) are engrafted into SCID mice, and are stimulated to divide by the host antigens. Expansion of the human PBL cells causes the SCID mice to die from xenogenic graft vs. host disease, approximately 4 weeks after engraftment. Death is caused by infiltration of human lymphocytes into the tissues of the host mouse. The effects of Imm-H were tested by pretreating mice with Imm-H to elevate the deoxyguanosine levels, followed by engraftment and continued treatment with Imm-H to determine effects on life span. Control animals were treated in the same way, except that no Imm-H was given. The results demonstrated a two-fold increase in life span compared to control mice (Fig. 9) [32] . These results establish the ability of Imm-H to influence human T-cell proliferation in the mouse model of host vs. graft disease, and therefore the ability to obtain sufficient inhibition of whole body PNP to sustain elevated deoxguanosine levels.
Prospectus for applications of Imm-H
Based on the enzymology, cell culture and animal model work published to date, the prospects for Imm-H to function as an in vivo anti-T-cell agent are the most encouraging yet obtained in the 26 years since Eloise Giblett discovered the genetic deficiency of PNP [2] . Recent studies on the mouse model of Imm-H immunosuppression of human T-cells concluded with the statement that this inhibitor is the first known example of a PNP inhibitor that elevates deoxyguanosine in mice similar to the levels observed in PNPdeficient patients [32] . Phase I/II clinical trials of Imm-H against human T-cell leukemia have been initiated under the trade name of BCX-1777.
